Human peripheral blood polymorphonuclear leucocytes (PMN) were examined in 6itro for antifungal activity against yeast cells of Paracoccidioides brasiliensis. The yeast cell of this fungus was resistant to killing by PMN. However, PMN exhibited a fungistatic effect on the fungal isolates employed in a long-term ( 72 h) assay. Lysates of PMN did not show a fungistatic or fungicidal effect, indicating that live PMN are necessary for the antifungal effect. Interferon-g (IFN-g) enhanced the antifungal activity of PMN. IFN-g-treated PMN killed isolate Bt-4 within 2 h of coculture, and after 24 h a still greater killing effect was observed. By contrast, IFN-g-treated PMN did not show a significant killing effect on isolate Tatu, but did exhibit an enhanced fungistatic effect on this isolate. In contrast, tumor necrosis factor-a and interleukin 8 had no effect on the antifungal activity of PMN. Scanning electron microscopy revealed that the surface structure of the fungal cell was apparently damaged by PMN within 24 h of cocultures. Based on these novel findings, we speculate that human PMN might play a role in host resistance in early infection with this fungus due to their antifungal activity.
Introduction
Paracoccidioides brasiliensis is the causative agent of paracoccidioidomycosis, the most prevalent human systemic mycosis in Latin America. P. brasiliensis is thermally dimorphic and grows as a yeast form in host tissues and in cultures at 37°C and exists as a mycelial form at lower temperatures. In animals experimentally infected with P. brasiliensis, the initial host response was an accumulation of polymorphonuclear leucocytes (PMN) at fungal cells [1 -3] . In human paracoccidioidomycosis, PMN are also apparently involved in inflammatory responses to the fungal cell. Some studies using human peripheral blood PMN suggested that PMN might be able to kill yeast cells of P. brasiliensis [4, 5] , while Schaffner et al. [6] reported that human PMN failed to sterilize cocultures containing a small number of live yeast cells of this fungus. Using a different assay system, Brummer et al. [7] reported that PMN from healthy human donors failed to significantly kill P. brasiliensis isolates, whereas Candida albicans was readily killed in the same assay system. Despite these various investigations, however, the possible role of human PMN in the host defence against P. brasiliensis has not yet been fully defined.
Recently we found that casein-elicited murine peritoneal PMN exhibited a fungistatic effect on this fungus in a long-term ( 72 h) assay, and that IFN-g enhanced the antifungal activity of murine PMN (unpublished results). These findings prompted us to re-examine human peripheral blood PMN for fungicidal and fungistatic activities against this fungus, using both long-term and short-term assays. In the present report, we describe that human PMN are fungistatic for yeast cells of P. brasiliensis and that IFN-g enhances the antifungal activity of PMN.
Materials and methods

P. brasiliensis isolates
P. brasiliensis isolates Pb-18 [8] and Bt-4 (kindly supplied by Dr M. Franco, Brazil) were isolated from Brazilian patients with paracoccidioidomycosis. The isolate Tatu was from a spleen of an armadillo (Dasypus no6emcinc-tus) and shown to be pathogenic for hamsters [9] . Yeast cells of P. brasiliensis used in antifungal assays were newly derived by incubating mycelial cells of the fungus at 35°C for 7 -10 days on 1% glucose-supplemented brain heart infusion (BHI) agar slants, and maintained by subculturing at 35°C at 4-to 5-day intervals on the same culture medium. Yeast cells used in the present study were those subcultured less than 15 times. Fresh growth (4 -5 days) of each fungal isolate was collected in phosphate-buffered saline, and passed through six layers of gauze to eliminate clumps of fungal cells. After washing once, fungal units were counted with a haemacytometer. The fungal units consisted of single cells, single mother cells with daughter cells, and 2-to 7-cell units. More than 97% of the cell units of each fungal isolate thus prepared were found to be viable [10] . Fungal cells were resuspended in complete tissue culture medium (CTCM) at desired densities. CTCM consisted of RPMI 1640 (GIBCO Laboratories, Grand Island, NY, USA), penicillin (100 U ml − 1 ), streptomycin (100 mg ml − 1 ), 10% heat-inactivated foetal calf serum (GIBCO Laboratories), and 10% fresh autologous serum.
Reagents
Recombinant human IFN-g and recombinant human tumor necrosis factor-a (TNF-a) were purchased from EN-DOGEN Co. 
PMN isolation
PMN were isolated as described by Brummer et al. [11] with a slight modification. Briefly, heparinized blood (10 U ml − 1 of heparin) from healthy donors (not skin tested but with no history of paracoccidioidomycosis) was mixed with 6% dextran T250 (Pharmacia, Uppsala, Sweden) at a ratio of 5:1 and sedimented at 37°C for 45 min at 1 g. 
Antifungal assay
Aliquots of 0·1 ml of a PMN suspension at a desired density were dispensed into flat-bottomed microtest plate wells, and 0·1 ml of a given P. brasiliensis cell suspension was added in triplicate. Cultures were incubated for 2, 24, 48 or 72 h at 36·7 9 0·1°C in 5% CO 2 -95% air, harvested as described elsewhere [12] , and live P. brasiliensis cells were detected by plating on a supplemented BHI agar which was developed by Goihman-Yahr et al. [13] and Castañ eda et al. [14] , and improved by Kurita et al. [10, 15] . Briefly, well contents were vigorously agitated by using a Pasteur pipette to separate big clumps of fungal cells into single cells, single cells with daughter cells or 2-to 7-cell units, removed and placed into 4·0 ml of distilled water, and then each well was washed four times with 0·2 ml of distilled water (total: 5 ml). If necessary, suspensions of harvested materials were diluted further. One millilitre of harvested material was plated on BHI agar supplemented with 50 mM ethylenediaminetetraacetic acid and 2% horse serum, incubated in a humidified atmosphere at 35°C, and colony forming units (CFU) of P. brasiliensis were counted after 5-7 days of incubation. A reduction in the CFU count from inoculum CFU at 0 h was referred to as a fungicidal effect, and a decrease in the fungal growth rate compared with the control culture was referred to as a fungistatic effect.
Scanning electron microscopy (SEM)
Fungal cells were processed for SEM as follows: P. brasiliensis yeast cells (1 × 10 5 ) were cultured in a plastic Petri dish 35 mm in diameter in a volume of 3 ml with or without PMN (1× 10 7 ) at 36·79 0·1°C in 5% CO 2 -95% air for 24 h. Cultures were transferred to centrifuge tubes and centrifuged at 1000 g. The pelleted material was suspended in an appropriate volume of distilled water to lyse leucocytes. Yeast cells were pelleted again by centrifugation, and resuspended and fixed in Karnovsky's solution (4% paraformaldehyde + 2·5% glutaraldehyde in 0·2 M cacodylate buffer, pH 7·4) at room temperature overnight. The yeast cells were postfixed with 1% OsO 4 buffered with 0·2 M cacodylate (pH 7·4) for 2 h, dehydrated in graded concentrations of ethanol, then placed on millipore filter paper, dried with a critical point drier (Hitachi HCP-2), and finally sputter-coated with platinum -palladium (Hitachi E-102). The specimens were observed with a scanning electron microscope (Hitachi S-800).
Statistics
Comparison between groups for statistical significance was performed by Student's t-test with a significance level of PB0·05.
Results
Fungistatic and fungicidal effects of PMN
P. brasiliensis yeast cells did not multiply at least within the first 3 h of culture in the antifungal assay. By 24 h, however, yeast cells exhibited significant growth and continued to grow thereafter in control culture with no PMN (Tables 1 and 2) .
PMN did not show a significant killing effect on isolate Bt-4 in a short-term (2 h) assay, but did exhibit a fungistatic effect on this isolate in a long-term assay. In cocultures with PMN, the CFU of isolate Bt-4 did not significantly increase for the first 24 h. Thereafter the fungal growth rate increased, but CFU counts were considerably smaller also at 48 and 72 h as compared with control cultures (Table 1) . When treated with IFN-g, PMN killed 45% of the inoculum CFU of this isolate during 2 h of coculture, and this fungicidal effect was further enhanced after 24 h (72% of inoculum was killed). During the following 48 h the surviving fungal cells showed a considerable growth, but CFU counts at 48 and 72 h were much smaller compared with control cultures at respective time points. By contrast, TNF-a and IL-8 had no effect on the antifungal activity of PMN (Table 1) . Although PMN did not exhibit a significant killing effect on isolate Tatu, fungistasis was observed during the first 48 h of coculture with PMN ( Table 2) . Thereafter the fungal growth rate increased considerably, but the CFU count at 72 h was also smaller as compared with the control culture. IFN-g enhanced the fungistatic effect of PMN, but failed to activate PMN to show a significant killing effect on this isolate. TNF-a and IL-8 showed no effect on PMN in this respect (Table 2) . Essentially the same results as with isolate Tatu were obtained with isolate Pb-18 (data not shown). Lysates of PMN (3 × 10 5 /well), which were prepared by freezing and thawing PMN suspensions, failed to show a fungicidal or fungistatic effect (Tables 1 and 2 ), indicating that live PMN are necessary for the antifungal effect.
After fungal cells were harvested from the cultures of antifungal assays, fungal units in the harvested material consisted of single cells, single mother cells with daughter cells and 2-to 7-cell fungal units. However, clumping (greater number of cells per fungal unit) could not ac- Inoculum= 950 980 colony forming units (CFU) in 0·2 ml at 0 h (n =3). Ratio of PMN to P. brasiliensis was 300:1. * Mean 9SD from three determinations. † The final concentrations of IFN-g, TNF-a and IL-8 were 75, 25 and 100 ng ml 
Inoculum= 1110 980 colony forming units (CFU) in 0·2 ml at 0 h (n =3). Ratio of PMN to P. brasiliensis was 300:1. * Mean9 SD from three determinations. † The final concentrations of IFN-g, TNF-a and IL-8 were 75, 25 and 100 ng ml count for the smaller CFU counts from cocultures with PMN compared with those from control cultures, as the total number of fungal cells from each culture obtained by direct counting under a microscope was largely proportional to the CFU number. The average numbers of harvested cells per fungal unit 9 SD at 48 h of culture for isolates Bt-4, Tatu and Pb-18 were 2·3 9 0·3, 2·7 9 0·2 and 3·4 9 0·4 from control cultures, and 2·19 0·3, 2·39 0·3 and 3·5 9 0·5 from cocultures with PMN, respectively.
Effect of PMN to fungal unit ratios
The magnitude of the antifungal effect was dependent on the ratio of PMN to fungal unit. Results with isolate Bt-4 are shown in Table 3 . PMN did not show a significant antifungal effect at a PMN to fungal unit ratio of 25:1, but in the presence of IFN-g, PMN exhibited a fungistatic effect during the first 24 h of coculture. After 48 h no significant difference in the CFU number was observed between cultures with and without PMN. At a ratio of 50:1, PMN exhibited a significant fungistatic effect both in the presence and absence of IFN-g during the first 24 h, but at 48 h of coculture the CFU numbers were not significantly different from that of control culture. At ratios of 100:1 and 200:1, CFU numbers were considerably smaller than those from control cultures both at 24 and 48 h. At these latter PMN to fungal unit ratios, a significant killing effect of PMN was observed at 24 h in the presence of IFN-g. However, IFN-g by itself had no effect on the growth of the fungus.
Dose requirement for IFN-k activation of PMN
The effect of IFN-g on the antifungal activity of PMN was concentration-dependent. Table 4 shows the results with isolate Bt-4. IFN-g at a concentration of 15 pg ml − 1 or lower did not exhibit an activating effect on PMN, but at 75 pg ml − 1 PMN were activated to exert an enhanced fungistatic effect. At 750 pg ml − 1 or higher concentrations, IFN-g exhibited a more potent effect, and PMN, thusly activated, showed a fungicidal effect within 24 h of coculture. PMN. Yeast cells of isolate Tatu showed vigorous growth in the absence of PMN by 24 h of culture ( Fig.  2A) . In contrast, when cocultured with PMN, growth, although still occurring, was less pronounced, and as shown in Fig. 2B , the cell surface structure of a number of mother cells (but not all) was considerably damaged and had a rough appearance, and it was noted that daughter cells on the damaged mother cell remained small. Yeast cells of isolate Pb-18 also underwent a similar deterioration in cocultures with PMN (data not shown). In the absence of PMN, no damaged mother cell of these isolates was found at least during the first 24 h of cultures. These results also strongly suggest that human PMN are capable of exerting a significant antifungal effect on P. brasiliensis yeast cells.
Discussion
It has long been a controversial issue whether human and murine PMN play a defensive role in P. brasiliensis infection. Recently we found, using both short-term (2 h) and long-term ( 72 h) in 6itro assays, that casein-elicited murine peritoneal PMN exhibited a fungistatic effect on several P. brasiliensis isolates, and were fungicidal for isolate Bt-4 (unpublished results). In the present study, we found that human PMN from peripheral blood were also fungistatic for P. brasiliensis (Tables 1 and 2 ). The magnitude of the antifungal effects of human and murine PMN varied considerably from fungal isolate to isolate. This was not due to any difference in the ability of PMN to phagocytose these isolates, because most of the fungal units (including single fungal cells) of each isolate were too large in size to be phagocytosed by PMN and there was no significant difference in phagocytosis by PMN between the isolates. Human peripheral blood PMN appear to be lower in antifungal activity than murine (BALB/c) PMN from peritoneal exudate because the former, in the absence of IFN-g, could not significantly
Morphological findings
Through the plating method, PMN were demonstrated to have an antifungal effect on P. brasiliensis yeast cells. We then used SEM to determine whether PMN cause any alterations in the morphology of the fungal cell. In cultures in CTCM without PMN for 24 h, isolate Bt-4 showed good growth, and catenular, bottle-shaped and pseudohyphal cells, and mother and daughter cells of this isolate were observed. Figure 1A shows a mother cell of isolate Bt-4 with growing daughter cells at 24 h of control culture without PMN. A fibril network was observed on the surface of the mother cell. By contrast, when cultured with PMN for 24 h, Bt-4 cells showed poor growth, the fibril network was not seen on a number of mother cells, and the surface structure of such mother cells appeared to be damaged and torn in places (Fig. 1B) . Further, daughter cells of most of the damaged mother cells (Fig.  1B) were smaller than those from control culture (Fig.  1A) , which probably reflects the growth suppression by kill isolate Bt-4 yeast cells within 2 h (Table 1) , whereas the latter killed them at a rate of 55% under the same assay conditions (unpublished results). Brummer et al. reported that one isolate of P. brasiliensis, the isolate LAAP, which could be killed by murine peripheral blood PMN could not be killed by human peripheral blood PMN [7] .
In the murine system, we showed that IFN-g could activate PMN in 6itro for fungicidal activity against P. brasiliensis (unpublished results). IFN-g was also reported to activate murine PMN for fungicidal activity against another thermally dimorphic fungus, Blastomyces dermatitidis [16] . In the present study, we found that IFN-g enhances the antifungal activity of human PMN against P. brasiliensis (Tables 1 and 2 ). IFN-g was also reported to enhance the ability of human PMN to kill Staphylococcus aureus [17] and Entamoeba histolytica trophozoites [18] . Fenton et al. reported that human alveolar macrophages produce IFN-g when infected with Mycobacterium tuberculosis or stimulated by IFN-g protein or interleukin 12 in 6itro, and that M. tuberculosis-challenged human alveolar macrophages begin to release IFN-g within 10 h after challenge [19] . Thus, it is possible that IFN-g produced by macrophages early during P. brasiliensis infection may activate infiltrating PMN in 6i6o for antifungal activity against this fungus, although it still remains to be elucidated whether P. brasiliensis stimulates human macrophages or some other kinds of host cells to synthesize and secrete IFN-g. By SEM we morphologically demonstrated the antifungal effect of human PMN on P. brasiliensis. When yeast cells of P. brasiliensis were cocultured with human PMN for 24 h, the yeast cell surface was apparently damaged, and their growth and multiplication were considerably suppressed (Figs 1 and  2) . Similar or somewhat more severe damage of the fungal cell surface was observed after 24 h of coculture with PMN+ IFN-g (data not shown). These results, together with those obtained from the CFU counting, strongly suggest that both cytokine-activated and nonactivated PMN could play a role in the early stages of host resistance to P. brasiliensis infection in human.
In the murine system, it has been documented that immunologically activated macrophages exhibit a potent fungicidal effect on P. brasiliensis yeast cells [20, 21] and that IFN-g is one major mediator of host resistance [22] . These findings strongly suggest that murine macrophages activated by IFN-g (and/or other factors) could play a crucial role in the resistance to and clearance of P. brasiliensis. With respect to the human system, by contrast, cytokine-activated macrophages were reported not to kill P. brasiliensis yeast cells in 6itro, and shown only to restrict the replication of ingested P. brasiliensis yeast cells [23] . Nonactivated macrophages were reported to allow the ingested fungal cells to replicate inside them [23] . Results obtained from our in 6itro study indicate that nonactivated human PMN, although being fungistatic for P. brasiliensis yeast cells, do not appear to be crucially effective in killing them, and IFN-g-activated human PMN showed a significant fungicidal effect only on isolate Bt-4 but not on isolates Tatu and Pb-18 (Tables 1 and 2 ; data for Pb-18 not shown). It is also well known that specific antibodies are not effective in killing this fungus [24, 25] . Although cell-mediated immunity may contribute, as in the murine system, to the host resistance to P. brasiliensis infection as suggested by Mota et al. [26] , it still remains to be clarified under what specific conditions and by what mechanisms the P. brasiliensis infection in humans can be terminated.
PMN have long been regarded as terminally differentiated, short-lived cells with a 'passive' effector role in inflammation. However, a mounting body of evidence suggests that the role of PMN in host defence and immune responses should be reassessed. It has been reported that PMN, when stimulated with lipopolysacchride (LPS) and/or certain cytokines, synthesize and secrete IL-1, IL-1 receptor antagonist, IL-3, IL-6, IL-8, TNF, macrophage inflammatory protein 1, G-CSF and GM-CSF [27, 28] . Riedel et al. showed that human PMN, when activated with an intracellular bacterium, M. tuberculosis, synthesize and secrete IL-8 and GRO-a [29] . Since PMN constitute the vast majority of infiltrating cells at sites of P. brasiliensis infection as well as other acute inflammations, these findings strongly suggest that PMN, in addition to the direct fungistatic or fungicidal effect on P. brasiliensis, may significantly influence the evolution and direction of immune processes in the host infected with this fungus.
It was reported that human PMN survival in 6itro can be greatly extended following exposure to microenvironmental stimuli involved in infection and immunity, such as LPS, IL-1b, TNF-a, IL-6, IFN-g, G-CSF and GM-CSF [30, 31] . Therefore, it is possible that PMN viability (and also other activities) in 6i6o may be considerably greater than is currently believed, as has been suggested by Cassatella [28] .
Keeping these possibilities in mind, investigations are in progress in our laboratories to define more precisely the role of PMN in the host resistance to P. brasiliensis infection in humans.
